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SUMMARY 
A low-speed wind-tunnel investigation w a s  made t o  determine the longitudinal and 
l a t e r a l - d i r e c t i o n a l  aerodynamic e f f e c t s  of p l a i n  and tabbed vortex f l a p s  on a f l a t -  
plate ,   h ighly  swept ,  arrow-wing  model. Flow-visual izat ion  s tudies  were made using a 
helium-bubble technique. Static forces and moments were measured  over  an  angle-of- 
attack range from O o  t o  500 fo r  s ides l ip  ang le s  of Oo and + 4 O .  
Resul t s  from f low-visua l iza t ion  s tudies  ind ica ted  tha t  the  tabbed-vor tex- f lap  
arrangement w a s  more e f f ec t ive  in  t r app ing  a vortex along the wing leading edge than 
the  p l a in  vo r t ex  f l ap .  A t  high  angles of attack,  the  tabbed-vortex-flap  configu- 
ra t ion  d id  not  exhib i t  an asymmetric vortex breakdown pa t t e rn  due t o  s i d e s l i p  as 
noted for the plain-vortex-flap and basic-wing configurations.  The d i f f e rences  in  
the vortex f low pat terns  between t h e  two flap designs resulted in the tabbed-vortex- 
f lap  conf igura t ion  provid ing  a s t a b l e  rolling-moment var ia t ion with s idesl ip  angle ,  
whereas the  p la in-vor tex- f lap  conf igura t ion  showed an u n s t a b l e  v a r i a t i o n  i n  r o l l i n g  
moment with s idesl ip  angle .  
Resul ts  from s ta t ic - force  tes t s  ind ica ted  tha t  bo th  the  p la in-vor tex- f lap  and 
tabbed-vortex-f lap configurat ions exhibi ted s ignif icant ly  improved l i f t - d r a g  r a t i o s  
over  tha t  of t he  bas i c  wing;  however, p i t c h  i n s t a b i l i t y  was increased by the  add i t ion  
of the vortex f laps .  Also,  the tabbed-vortex-f lap configurat ion exhibi ted higher  
values  of l i f t -d rag  r a t io s  ove r  a wider range of l i f t  c o e f f i c i e n t s  t h a n  measured f o r  
the  p la in-vor tex- f lap  conf igura t ion .  A t  high  angles of attack,  the  tabbed-vortex- 
f l ap  conf igu ra t ion  s ign i f i can t ly  inc reased  the  dynamic d i r e c t i o n a l  s t a b i l i t y  which 
e l imina ted  the  d i rec t iona l  d ivergence  ins tab i l i ty  of t he  bas i c  wing. However, use of 
t ra i l ing-edge f laps  for  pi tch- t r im requirements  could ser iously degrade the la teral  
s t a b i l i t y  c h a r a c t e r i s t i c s  and e l imina te  the  bene f i c i a l  e f f ec t  of the tabbed vortex 
f l a p  on dynamic d i r e c t i o n a l  s t a b i l i t y .  
INTRODUCTION 
The National Aeronautics and Space Administration is  currently conducting a 
broad research program t o  provide basic research information on t h e  aerodynamics, 
s t a b i l i t y ,  and cont ro l  of advanced a i rc raf t  capable  of supersonic-cru ise  f l igh t .  
T y p i c a l l y ,  t h e s e  a i r c r a f t  employ low-aspect-ratio,  highly  swept, arrow-wing  planforms 
which have  been opt imized  for   supersonic-cruise   eff ic iency.   Unfortunately,   such 
conf igu ra t ions  usua l ly  exh ib i t  s ign i f i can t  de f i c i enc ie s  in  the  a reas  of low-speed 
performance, s t a b i l i t y ,  and con t ro l   ( s ee   r e f .  1 ) .  In   addi t ion ,   the   appl ica t ion  of 
arrow-wing designs t o  advanced f i g h t e r  a i r c r a f t  and the  des i r e  fo r  i nc reased  maneu- 
v e r a b i l i t y  have r e q u i r e d  c a r e f u l  a t t e n t i o n  t o  aerodynamic c h a r a c t e r i s t i c s  i n  t h e  
moderate t o  high  angle-of-attack  range.  Typically,  highly swept wings exh ib i t  s t rong  
vortex flows which  augment l i f t  a t  moderate angles of a t t ack ;  however, t h i s  v o r t e x  
l i f t  is  usual ly  accompanied by undes i rab le  p i tch-up  charac te r i s t ics  and s i g n i f i c a n t  
increases  in  drag.  A t  high  angles  of  attack,  asymmetric  vortex  bursting due t o  s i d e -  
sl ip can  r e su l t  i n  uns t ab le  l a t e ra l -d i r ec t iona l  cha rac t e r i s t i c s .  
The p resen t  i nves t iga t ion  w a s  conducted t o  determine the effects  of vo r t ex  f l aps  
on t h e  low-speed aerodynamic c h a r a c t e r i s t i c s  of an arrow-wing planform a t  low and 
high  angles of attack.  Previous  research on configurat ions having vortex f laps  (see 
r e f s .  2 t o  4 )  have shown considerable   gains   in   l i f t -drag ratio.  The s p e c i f i c  i n t e n t  
of t h i s  i n v e s t i g a t i o n  was t o  provide an assessment of t h e  e f f e c t s  of vor tex  f laps  on 
l a t e r a l - d i r e c t i o n a l  c h a r a c t e r i s t i c s  a s  w e l l  as the  long i tud ina l  cha rac t e r i s t i c s  of  an 
arrow-wing configurat ion.  
Tes ts  were conducted i n  t h e  Langley 12-Foot Low-Speed Tunnel with a 3.66-m 
(12-ft)   octagonal test sec t ion .  S t a t i c  fo rces  and moments were measured  over  an 
angle-of-attack  range from Oo t o  50° fo r  s ides l ip  ang le s  of Oo and k4O. A f l a t - p l a t e  
arrow-wing model with a sharp beveled leading edge of 70°  sweep and an outboard panel 
of 50° sweep was used as the basic-wing configuration. Two types of vor tex  f laps  
were s tud ied  in  the  inves t iga t ion .  One f l a p  concept w a s  a "p la in"  vor tex  f lap  
s i m i l a r  t o  t h a t  i n  r e f e r e n c e  2 and the second concept w a s  a " tabbed" vortex f lap 
s i m i l a r  t o  t h a t  i n  r e f e r e n c e  4.  I n  a d d i t i o n  t o  s t a t i c - f o r c e  tests, flow- 
v i s u a l i z a t i o n  s t u d i e s  were made using a helium-bubble flow-visualization technique. 
SYMBOLS 
The longi tudina l  aerodynamic  coef f ic ien ts  a re  re fer red  to  the  wind-axes  system 
whi l e  t he  l a t e ra l -d i r ec t iona l  aerodynamic c o e f f i c i e n t s  a r e  r e f e r r e d  t o  t h e  body-axes 
system  (see  f ig.  1). The moment reference center  w a s  located a t  45 percent  of t h e  
mean aerodynamic  chord ( s e e  f i g .  2 ) .  Dimensional quant i t ies   a re   p resented   in   bo th  
the  In t e rna t iona l  System of Units ( S I )  and U.S. Customary Units. Measurements  and 
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s ide- force  coef f ic ien t  due t o  s i d e s l i p ,  p e r  deg 
mean aerodynamic  chord, m ( f t )  
moments of i n e r t i a  about the X and Z body axes, 
respec t ive ly ,  kg-m2 ( s lug - f t  ) 2 
l i f t - d r a g   r a t i o ,  %/CD 
free-stream dynamic pressure,  Pa ( l b / f t  ) 
wing reference area,  m2 ( f t 2  
2 
f ree-s t ream  veloci ty ,  m/sec ( f t / s e c )  
body axes 
angle of a t t ack ,  deg 
angle  of s i d e s l i p ,  deg 
leading-edge  f lap  deflection, deg 
t r a i l i ng -edge  f l ap  de f l ec t ion ,  deg 
Abbreviations: 
F.S. fuse l age   s t a t ion  
L.E. l ead ing  edge 
V.F. vo r t ex   f l ap  
MODEL DESCRIPTION 
The model used i n  t h i s  i n v e s t i g a t i o n  was e s s e n t i a l l y  a f l a t - p l a t e  wing of 7 0 °  
sweep inboard  with a 50° sweep outboard  panel  (see  f ig.  2 ( a ) ) .  Figures   2(b)  and 2 ( c )  
show de ta i led  d imens iona l  charac te r i s t ics  of t he  vo r t ex  f l aps  t e s t ed .  The f l a p s  were 
similar t o  t h o s e  of references 2 and 4. In  some tests, sheet metal was added t o  form 
t ra i l ing-edge  f laps  (see f i g .  2 ( b )  1. Photographs  of t h e  model with these leading- 
and trail ing-edge flap attachments are shown i n  f i g u r e  3 .  For  purposes of nomen- 
c l a tu re  vo r t ex  f l aps  of reference 2 w i l l  be r e f e r r e d  t o  as plain vortex f laps ,  and 
vor tex  f laps  of reference 4 w i l l  be r e f e r r e d  t o  as tabbed vortex flaps throughout the 
text of t h i s  r e p o r t .  The tabbed vortex flap w a s  a t t a c h e d  t o  t h e  f u l l  span  of t h e  
wing leading edge,  while  the plain vortex-f lap configurat ion did not  include the 
innermost  segment. 
3 
TESTS 
The t e s t s  were conducted i n  t h e  Langley 12-Foot Low-Speed Tunnel which has a 
3.66-m (12-f t )   octagonal  test  sect ion.  The free-stream dynamic pressure  w a s  191  Pa 
(4  ps f )  which corresponds to  a Reynolds number of 620 000 based on t h e  mean aerody- 
namic  chord  of 0.50 m (1.65 f t ) .  Data  were obtained over an angle-of-attack range 
from O o  t o  50° fo r  s ides l ip  ang le s  of O o  and f4O. The pr inc ipa l  conf igura t ion  var i -  
ab l e s  were the leading-edge flap elements which were t e s t e d  a t  s e v e r a l  d i f f e r e n t  
def lect ion  angles .   Flow-visual izat ion  s tudies   using a helium-bubble  technique  (see 
r e f .  5) were made t o  provide quali tative assessment of t h e  leading-edge vortex 
phenomenon. 
The model w a s  mounted on a strain-gage balance where forces  and moments were 
measured. The balance was selected with a s e n s i t i v e  a x i a l  component such tha t  d rag  
accuracy was within f 0 . 0 0 1 0  variance of t he  d rag  coe f f i c i en t .  A f a i r i n g  t o  house t h e  
balance w a s  instrumented with a pressure probe so that base pressure drag could be 
accounted for. N o  cor rec t ions  were made t o  t h e  d a t a  due t o  j e t  boundary o r  blockage; 
however, t h e  model s i z e  was sma l l  r e l a t ive  to  the  tunne l  s i ze .  The data  are  cor- 
r e c t e d  f o r  a flow angularity of 1.5O upwash.' 
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RESULTS AND DISCUSSION 
Flow Visua l iza t ion  
In  o rde r  t o  p rov ide  some ins ight  in to  the  vor tex- f low charac te r i s t ics  a long  the  
wing leading  edge, a helium-bubble  flow-visualization  technique w a s  used.  This  tech- 
nique consisted of i n j e c t i n g  n e u t r a l l y  buoyant helium soap bubbles into the airstream 
so that the bubbles could follow the streamlines around the model. On highly swept 
wing configurations,  the separated leading-edge flow forms vortex cores  which t ra i l  
downstream. This  vortex  system is made v i s i b l e  by i l luminating the helium bubbles in 
t h e  flow with concentrated l ight and by pa in t ing  the  model black t o  improve cont ras t  
between the bubbles and t h e  model. 
The physical concept of t he  vo r t ex  f l ap  is i l l u s t r a t e d  i n  f i g u r e  4 which shows 
the flow over the arrow-wing model a t  a = 1 5 O  with  the  tabbed  vor tex  f lap  ins ta l led  
on t h e  l e f t  l e a d i n g  edge. The t abbed  vo r t ex  f l ap  t ends  to  t r ap  the  vo r t ex  co re  a long  
the leading-edge flap area of t h e  wing. A s  d i scussed  in  pas t  s tud ies ,  th i s  t rapped  
vortex generates  suct ion on the  de f l ec t ed  f l ap  a rea  to  p roduce  a t h r u s t  component 
which reduces the drag. 
Previous  research  ( see  re fs .  6 t o  8 )  has shown that  vortex cores  shed by highly 
swept  wings  break down at  high angles  of a t t ack  r e su l t i ng  in  lo s s  of l i f t .  Vortex- 
breakdown phenomena due t o  a n g l e  of attack for the basic-wing, the plain-vortex-flap,  
and the tabbed-vortex-f lap configurat ions are  i l lustrated in  f igures  5 t o  7. For t h e  
bas i c  wing ( f i g .  51, t h e  vortex-breakdown po in t  occu r s  a t  t he  t r a i l i ng  edge a t  
a = 25O and it rapid ly  moves forward a t  h igher  angles  of a t t ack .  For t h e  p l a i n  
v o r t e x  f l a p  ( f i g .  61, two vortex  systems  can be seen.  Since  the  plain-vortex-flap 
system did not extend t o  t h e  apex of t he  wing, a primary pair of vo r t i ce s  were shed 
off the leading edge near the apex, and a secondary p a i r  of vo r t i ce s  developed on t h e  
vor tex   f lap .  Two primary  observations from f igu re  6 a r e  ( 1 )  the  secondary  vortex 
system does not stay attached along the length of t h e  f l a p  and ( 2 )  the secondary 
vortex merges a t  a r e l a t i v e l y  low angle of attack into the primary vortex system. 
Vortex breakdown on the  p la in-vor tex- f lap  conf igura t ion  occurs  a t  a lower angle of 
a t tack  than  on the  bas ic  wing. 
Flow visual izat ion for  the tabbed-vortex-f lap configurat ion is  shown in  f ig -  
ure  7. A side-view  photograph is presented along with the top view t o  show t h a t  t h e  
vortex core was trapped within the vortex flap.  Vortex bursting occurred on t h e  f l a p  
a t  a = 20° and moved rapidly  forward  to   the apex a s  a: w a s  i nc reased   t o  30°. 
As poin ted  out  in  re ference  5, highly swept  wing conf igura t ions  exhib i t  uns tab le  
l a t e ra l -d i r ec t iona l  cha rac t e r i s t i c s  a t  h igh  ang le s  of attack due t o  asymmetric vortex 
breakdown a t  small  angles of s ides l ip .  The e f f e c t  of s i d e s l i p  on the  conf igura t ions  
t e s t e d  a t  high  angles of a t t ack  is i l l u s t r a t e d  i n  f i g u r e  8.  These  photographs show 
the vortex-f low pat tern on t h e  l e f t  and r i g h t  s i d e s  of t h e  model a t  a = 35O and 
vortex  flow a t  @ = O o  t o  an  asymmetric  flow  condition  with  the windward vortex 
burs t  po in t  moving toward the apex of t h e  wing, and the leeward vortex moving toward 
t h e  wing t r a i l i n g  edge. A s  noted in  reference 5, t h i s  t y p e  of asymmetric  vortex 
breakdown r e s u l t s  i n  an  uns t ab le  va r i a t ion  in  ro l l i ng  moment wi th  s ides l ip  due t o  t h e  
l i f t  l o s s  a s soc ia t ed  wi th  vo r t ex  breakdown. Flow v i sua l i za t ion  of the plain-vortex-  
f l ap  conf igu ra t ion  ( f ig .  8 (b )  1 a l s o  showed an asymmetric vortex-breakdown p a t t e r n  due 
t o  s i d e s l i p .  However, the  vor tex  breakdown due t o  s i d e s l i p  of the  tabbed-vortex-flap 
configurat ion did not  show l a rge  asymmetry  due t o  s i d e s l i p  (see f i g .  8 ( c )  1.  For 
example, a t  a = 35O the  vortex  burst   points  for  the  tabbed-vortex-flap  configu- 
p = -40 and -8O. For the  bas i c  wing, t h e  e f f e c t  of s i d e s l i p  changed the symmetrical 
5 
r a t i o n  were located near the apex of t h e  wing, and t h e r e  w a s  l i t t l e  v a r i a t i o n  i n  t h e  
vortex-breakdown  location due t o  s i d e s l i p .  T h i s  r e s u l t  would  be expected t o  improve 
l a t e r a l  s t a b i l i t y  a t  high a, a s  w i l l  be  discussed in  a later sect ion.  
Longi tudina l  Charac te r i s t ics  
Comparison with theory.- The vo r t ex - l a t t i ce  method of reference 9 w a s  used t o  
p red ic t  t he  long i tud ina l  cha rac t e r i s t i c s  of t h e  basic-wing planform, and a comparison 
with  the  experimental  data is shown i n  f i g u r e  9. The t h e o r e t i c a l  method incorpora tes  
t h e  leading-edge suction analogy of reference 10,  and is r e s t r i c t e d  t o  inviscid flow 
computations.  Theoretical  results were i n  good agreement  with  the  experimental  data 
a t  low t o  moderate  angles of a t tack .  A t  high angles of attack the  expe r imen ta l  l i f t  
data deviated from theore t i ca l  va lues  due t o  t h e  l i f t  l o s s e s  a s s o c i a t e d  w i t h  v o r t e x  
burs t ing ,  which are  not  accounted for  in  the theory.  Sl ight  differences in  pi tching 
moments a r e  due to  the  p l ana r  r ep resen ta t ion  of v o r t i c e s  i n  t h e  t h e o r e t i c a l  method. 
Thus, higher order paneling methods would be needed in  o rde r  t o  ob ta in  be t t e r  ag ree -  
ment between theory and  experiment. An increment of drag due t o  viscous effects  was 
added t o  t h e  i n v i s c i d  v a l u e s  t o  o b t a i n  t h e  comparison i n  f i g u r e  9. This comparison 
of drag  ind ica tes  tha t  the  conf igura t ion  exhib i ted  a drag polar which was c l o s e  t o  
t h a t  p r e d i c t e d  by theory.  
E f fec t  of leading-edge deflection.- The e f f e c t  of t he  p l a in  vo r t ex  f l ap  on t h e  
longi tudina l  aerodynamic c h a r a c t e r i s t i c s  of t h e  model i s  shown i n  f i g u r e  10. The 
da ta  of f igu re  10 (a )  i nd ica t e  tha t  t he  p l a in  vo r t ex  f l ap  exh ib i t ed  more p i t ch  in s t a -  
b i l i t y  and  nose-up trim change than the basic  wing;  however, t h e  p i t c h  i n s t a b i l i t y  
decreased as  the leading-edge f lap def lect ion was increased. The e f f e c t  of t h e  p l a i n  
vo r t ex  f l ap  on L/D is shown i n  f i g u r e  10  ( b )  . Also shown i n  t h i s  f i g u r e  a r e  c u r v e s  
representing the 0-percent and 100-percent leading-edge suction fo r  t he  r e fe rence  
wing a s  computed by t h e  method of reference 11. The condi t ion of m i n i m u m  induced 
d r a g   i n  which CD = CL2/71A corresponds t o  100-percent  leading-edge  suction,  and  the 
i 
condi t ion of completely separated flow in which = CL t a n  (c / C  ) corresponds cD 
i La 
t o  0-percent  leading-edge  suction. It should be noted  tha t  the  da ta  of t h i s  r e p o r t  
are based on t h e  wing reference area unless otherwise noted. The data  of f ig -  
u re  10 (b )  i nd ica t e  tha t  t he  bas i c  wing exhib i ted  L/D va lues  tha t  were c l o s e  t o  t h e  
0-percent  suction  curve,  as  expected. Adding t h e  p l a i n  v o r t e x  f l a p  improved L/D, 
even f o r  a f l ap  de f l ec t ion  of O o .  Although t h e r e  is no deflected leading-edge flap 
s u r f a c e  t o  a c t  on a t  a O o  deflection angle,  an i n c l i n e d  s u r f a c e  r e s u l t s  from t h e  
beveled leading edge of t he  wing. The b e n e f i c i a l  e f f e c t s  of vor tex  f laps  on suc t ion  
fo rce  are ind ica t ed  in  f igu re  lO(c )  fo r  t he  f l ap - ins t a l l ed  conf igu ra t ion  by t h e  nega- 
t i ve  inc rease  in  ax ia l - fo rce  coe f f i c i en t .  It can  be  seen tha t  the  ax ia l - force  coef -  
f ic ient  decreased and became negative by adding the vortex f lap with O o  d e f l e c t i o n  t o  
the  bas i c  wing  and general ly  became  more negative with increasing leading-edge flap 
de f l ec t ion .  A t  low l i f t  coe f f i c i en t s ,  t he  da t a  ind ica t e  tha t  t he  conf igu ra t ion  wi th  
a leading-edge f l ap  de f l ec t ion  of 45O was over  def lected for  producing thrust .  
Leading-edge segments.- A component buildup study w a s  made for  the  p la in-vor tex-  
f lap  conf igura t ion  by s ta r t ing  wi th  the  inboard  segment and adding segments u n t i l  t h e  
complete  configuration w a s  formed. The leading-edge f l a p  w a s  d iv ided  in to  f ive  seg- 
ments,  four  inboard of t h e  wing  leading-edge  crank ( s e e  f i g .  2 ) .  A leading-edge 
de f l ec t ion  of 15O w a s  used in  the  s tudy .  The da ta  shown i n  f i g u r e s  l l ( a )  and l l ( b )  
i nd ica t e  an increase  in  nose-up p i t ch ing  moments as the leading-edge segments are 
added t o  t h e  b a s i c  wing. The data  of f i g u r e  l l ( b )  i n d i c a t e  t h a t  segment  one  had 
6 
little e f f e c t  on L/D; however, by adding segment  wo, the  conf igura t ion  showed about 
as much improvement i n  L/D as w a s  obtained  for  the  complete  leading-edge-flap con- 
f igu ra t ion .  The addi t ion  of the outboard segment provided an additional improvement 
i n  L/D f o r   l i f t   c o e f f i c i e n t s  above  about  0.3. 
Trail ing-edge-flap effectiveness.-  The trail ing-edge-flap system, shown in  f ig -  
ure  2 ( b )  , cons is ted  of sheet  metal  bent  to  the appropriate  def lect ion angle  and 
a t t a c h e d  t o  t h e  t r a i l i n g  edge  of t h e  wing. The f l a p  was nearly full  span and repre- 
sented an extended-flap  arrangement.  Trailing-edge-flap  deflections of oo, l oo ,  20° ,  
and 30° were t e s t ed .  
Figure 12 presents  da ta  which show the  t ra i l ing-edge- f lap  e f fec t iveness  for  
var ious  def lec t ions  of the  p la in  vor tex  f lap .  D a t a  f o r  t h e  b a s i c  wing w e r e  added t o  
t h e  p l o t  of f i g u r e  1 2 ( a )  t o  i l l u s t r a t e  t h e  effect of adding area. By adding the 
leading- and trail ing-edge flaps with Oo def l ec t ion ,  t he re  is  an i n c r e a s e  i n  t h e  
l i f t -curve  s lope ,  a decrease  in  the  drag  polar ,  and no change i n  p i t c h  i n s t a b i l i t y .  
The data  of f i g u r e  12 ind ica te  tha t  the  t ra i l ing-edge- f lap  sys tem w a s  e f f e c t i v e  i n  
producing increments of l i f t  and p i t ch ing  moments fo r  t he  de f l ec t ion  ang le s  t e s t ed .  
The pi tch-up noted for  the basic  wing became  more pronounced fo r  t he  h ighe r  t r a i l i ng -  
edge-f l ap  de f l ec t ions .  The leading-edge-flap deflection had l i t t l e  e f f e c t  on t h e  
t ra i l ing-edge- f lap  e f fec t iveness .  
Figure 13 presents  untrimmed L/D character is t ics   for   var ious  combinat ions 
of the  leading-  and t r a i l i ng -edge  f l aps .  The data show tha t  t r a i l i ng -edge - f l ap  
de f l ec t ion  was a dominant f a c t o r  i n  improving L/D.  A t  t h e  low l i f t  c o e f f i c i e n t s  
appl icable  to  take-of f  and  second-segment  climb for  supersonic-cru ise  t ranspor t s ,  
leading-edge-flap deflections of O o  and 15O i n  combination with a t ra i l ing-edge-f lap 
de f l ec t ion  of IOo provided  the  highest   values of L/D. A t  moderate t o  hiqh l i f t  
coef f ic ien ts  appl icable  to  take-of f  and second-segment climb for  supersonic-cruise  
t ransports ,  leading-edge-f lap def lect ions of O o  and 15O i n  combination  with a 
t ra i l ing-edge- f lap   def lec t ion  of IOo provided  the  highest   values of L/D.  A t  
moderate t o  high l i f t  c o e f f i c i e n t s  a p p l i c a b l e  t o  maneuver cond i t ions  fo r  f igh te r  
a i rcraf t ,   leading-edge-f lap  def lect ion had l i t t l e  e f f e c t  on improving L / D .  It 
should be noted that  t r i m  considerat ions must be evaluated before optimum f l a p  
s e t t i n g s  can  be se lec ted .  
Tabbed vortex f lap.-  Resul ts  of tes ts  for  the tabbed-vortex-f lap configurat ion,  
shown i n  f i g u r e  14, i n d i c a t e  t h a t  t h e  s t a l l  of the  bas ic  wing was extended t o  a 
higher  angle  of a t t ack ;  however, t h e  p i t c h  i n s t a b i l i t y  w a s  s ign i f icant ly  increased .  
A marked inc rease  in  in s t ab i l i t y  occur red  fo r  t h i s  conf igu ra t ion  a t  a = Z o o ,  which 
corresponds t o  t h e  a n g l e  of a t t ack  where vortex breakdown s t a r t e d  t o  occur on t h e  
vortex  f lap.  With a t ra i l ing-edge- f lap  def lec t ion  of 20° ,  s izeable  increments of 
l i f t  and p i t ch ing  moments were produced. 
The da ta  of f igu re  14 (b )  i nd ica t e  tha t  t he  t abbed  vo r t ex  f l ap  s ign i f i can t ly  
improved L/D over   the  basic  wing f o r  l i f t  c o e f f i c i e n t s  above  0.25.  With t r a i l i n g -  
edge f l a p s  d e f l e c t e d  20° ,  the  conf igura t ion  had L/D va lues  c lose  to  those  p red ic t ed  
for  100-percent  leading-edge  suction  for  values of CL grea te r   than  0.7. However, 
the  va lues  of L/D presented are not  trimmed,  and  requirements  for t r i m  cou ld  a l t e r  
t he  results shown. 
Comparison of vortex f laps . -  A summary p l o t  of t he  long i tud ina l  aerodynamic 
c h a r a c t e r i s t i c s  of the basic-wing configuration compared with the vortex-f lap config-  
u ra t ions  is p resen ted  in  f igu re  15 t o  show t h e  e f f e c t  of vortex flaps. The data  
of f igu re  15 indicate  that  the tabbed-vortex-f lap configurat ion,  with undeflected 
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t r a i l i ng -edge  f l ap  s ign i f i can t ly  inc reased  the  maximum l i f t  c o e f f i c i e n t  and the  angle  
of a t t ack  a t  which it occurred. However, t h i s  i n c r e a s e  i n  l i f t  w a s  accompanied by a 
s i g n i f i c a n t  i n c r e a s e  i n  d e s t a b i l i z i n g  p i t c h i n g  moments. 
A comparison of t h e  l i f t - d r a g  r a t i o s  between the vortex-flap configurations and 
t h e  b a s i c  wing is shown i n  f i g u r e  16. S i n c e  t h e  f l a p  a r e a s  are s i zed  d i f f e ren t ly ,  
t he  da t a  are corrected f o r  area and shown in  f igure  16(b)  for  the  purpose  of 
analys is .  The da ta  ind ica te  tha t  the  p la in-vor tex- f lap  conf igura t ion  provided  
s i g n i f i c a n t  improvement i n  L/D a t  low l i f t   c o e f f i c i e n t s ,   b u t   t h i s  improvement 
d iminishes  wi th  increas ing  l i f t  coef f ic ien t .  The tabbed-vortex-flap  configuration 
had a s l i g h t l y  lower  value  of (L /D)mx than  the  plain  vortex  f lap,   but  had higher 
values of L/D over a wider  ange  of l i f t  c o e f f i c i e n t s .  One exp lana t ion   fo r   t h i s  
may be t h a t  t h e  t a b  made t h i s  arrangement less s e n s i t i v e  t o  t h e  leading-edge inflow 
angle  and thus  more e f f e c t i v e  i n  t r i p p i n g  t h e  f l o w  t o  set up a trapped vortex along 
the  span  of the  f lap .  Another f a c t o r  which may have in f luenced  the  r e su l t s  fo r  t he  
p l a i n  v o r t e x  f l a p  w a s  t h a t  no leading-edge-flap element w a s  used close inboard on t h e  
wing (see f i g .  2 ( b )  1. I f  t he  p l a in  vo r t ex  f l ap  were allowed t o  extend inboard to  the 
wing cen te r l ine ,  t he  da t a  fo r  t he  p l a in  vo r t ex  f l ap  cou ld  poss ib ly  a l t e r  t he  r e su l t s  
ob ta ined  in  the  present  inves t iga t ion  (see r e f .  4 ) .  
Axia l - force  charac te r i s t ics  a re  shown i n  f i g u r e  17 f o r  t h e  b a s i c  wing, p l a in  
vor tex  f lap  (6f, ,e = 30°), and tabbed vortex flap.  Both vortex-flap arrangements 
resu l ted  in  grea te r  lead ing-edge  thrus t  than  tha t  of t h e  b a s i c  wing. The tabbed- 
vortex-flap configuration produced axial  forces which approached the 100-percent 
leading-edge  suction  curve. A t  low l i f t   coe f f i c i en t s ,   t he   t abbed-vor t ex - f l ap  
geometry w a s  overdef lected,  causing an inc rease  in  the  ax ia l  fo rce .  
La tera l -Direc t iona l  Charac te r i s t ics  
A previous  inves t iga t ion  ( re f .  5 )  has shown tha t  t he  cu r ren t  conf igu ra t ion  
exhib i ted  an uns tab le  d ihedra l  e f fec t  a t  h igh  angles  of attack due t o  asymmetrical 
vortex breakdown.  Thus, it is of i n t e r e s t  t o  d e t e r m i n e  t h e  e f f e c t s  of vor tex  f laps  
on t h e  l a t e r a l - d i r e c t i o n a l  c h a r a c t e r i s t i c s  of t he  conf igu ra t ion  a t  high angles of 
a t tack .  
Plain vortex f laps~.-  The e f f e c t s  of de f l ec t ing  the  p l a in  vo r t ex  f l ap  on t h e  
l a t e r a l - d i r e c t i o n a l  s t a b i l i t y  c h a r a c t e r i s t i c s  a r e  p r e s e n t e d  i n  f i g u r e  18. Adding 
p l a i n  v o r t e x  f l a p s  t o  t h e  b a s i c  wing markedly decreased the directional stabil i ty 
C and general ly   did  not   affect   he   var ia t ion of with angle of a t t a c k  a s  
noted for the basic wing. The e f f e c t  of a spanwise component buildup of t h e  p l a i n  
vo r t ex  f l ap  on the  l a t e ra l -d i r ec t iona l  cha rac t e r i s t i c s  ( f ig .  191, i n d i c a t e s  t h a t  t h e  
d e s t a b i l i z i n g   t r e n d   i n  C , due t o  leading-edge-flap  segments,  generally  increased 
with the buildup of f l a p  segments. 
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The e f f e c t  of t ra i l ing-edge- f lap  def lec t ion  on t h e  l a t e r a l - d i r e c t i o n a l  s t a b i l i t y  
c h a r a c t e r i s t i c s  is presented i n  f i gu re  20 for  var ious  def lec t ions  of t he  p l a in  vo r t ex  
f lap.   In   general ,   t ra i l ing-edge-f lap  def lect ions had a l a r g e  d e s t a b i l i z i n g  e f f e c t  
a t  the  h igher  angle  of a t tack .  This  resu l t  is i n  agreement with the results 
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of reference 5 where a downward elevator  def lect ion produced a des t ab i l i z ing  change 
i n  C . This   des t ab i l i z ing   e f f ec t  on C i s  caused by l a r g e   l i f t   l o s s e s  due t o  
asymmetrical  vortex bursting at  a s ides l ip  angle .  
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Tabbed vortex f lap.-  The l a t e r a l - d i r e c t i o n a l  s t a b i l i t y  c h a r a c t e r i s t i c s  of t h e  
test configuration with a tabbed  vor tex  f lap  a t tached  to  the  lead ing  edge a r e  
p re sen ted  in  f igu re  21. The da ta  of f i g u r e  21  show that  the tabbed-vortex-f lap con- 
f igu ra t ion  s ign i f i can t ly  inc reased  the  d ihedra l  e f f ec t  a t  h igh  ang le s  of attack and 
had a d e s t a b i l i z i n g  e f f e c t  on d i r e c t i o n a l  s t a b i l i t y .  As i n  t h e  c a s e  of the  p la in-  
vortex-f lap configurat ion,  t ra i l ing-edge-f lap def lect ion sharply decreased the dihe-  
d r a l  e f f e c t  and had a d e s t a b i l i z i n g  e f f e c t  on d i r e c t i o n a l  s t a b i l i t y  n e a r  t h e  stall. 
A comparison of t h e  e f f e c t s  on l a t e r a l - d i r e c t i o n a l  s t a b i l i t y  f o r  t h e  two types 
of vor tex  f laps  inves t iga ted  is p resen ted  in  f igu re  22. The da ta  of f i g u r e  22 indi-  
ca t e  t ha t  t he  p l a in  vo r t ex  f l ap  exh ib i t ed  l a t e ra l -d i r ec t iona l  s t ab i l i t y  cha rac -  
teristics general ly  similar t o  t h o s e  of t h e  b a s i c  wing;  however, the tabbed-vortex- 
f lap   conf igura t ion   exhib i ted  a s u b s t a n t i a l  improvement i n  C compared t o  
t h a t  of t he   bas i c  wing. The s igni f icance  of t h i s  improvement i n  C can  be  seen i n  
f igu re  23 where C , a parameter used t o  i n d i c a t e  d i r e c t i o n a l  s t a b i l i t y  
c h a r a c t e r i s t i c s  under dynamic condi t ions  ( see  re f .  121, is  plot ted against  angle  of 
a t tack .  The parameter is computed from 
I P  
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divergence.  Using a r a t i o  of - 6, t y p i c a l  of c u r r e n t  f i g h t e r  a i r c r a f t ,  t h e  d a t a  
of f i g u r e  23 ind ica t e  a poten t ia l  d ivergence  for  the  bas ic  wing a t  an angle of a t t ack  
of about 35O. Adding p l a i n  v o r t e x  f l a p s  t o  t h e  wing leading edge d id  not  a l lev ia te  
t h e  i n s t a b i l i t y ;  however, adding. the  tabbed  vor tex  f lap  d id  resu l t  in  a s i g n i f i c a n t  
i nc rease   i n  C and thus  e l iminated  the  direct ional   divergence.  However, use 
o f  t r a i l i ng -edge  f l aps  to  t r i m  the  conf igura t ion  would ser ious ly  degrade  the  la te ra l  
s t a b i l i t y  a s  shown i n  f i g u r e  22,  and t h i s  could  e l imina te  the  benef ic ia l  e f fec ts  of 
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SUMMARY OF RESULTS 
The r e s u l t s  of low-speed  wind-tunnel tests t o  determine the effects  of vortex 
f l a p s  on the  long i tud ina l  and lateral  s t a b i l i t y  c h a r a c t e r i s t i c s  of a f l a t - p l a t e  
highly swept arrow-wing planform may be summarized as  fol lows:  
1. Flow visua l iza t ion  wi th  a helium-bubble technique i l lustrated the vortex 
flow pattern associated with the vortex-flap concept.  Results of t h e  flow s tud ie s  
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showed that separated flow off the leading edge of t h e  wing c o a l e s c e s  t o  form a 
vor tex  core  tha t  is t rapped within the leading-edge f lap area.  This  t rapped vortex 
generated suct ion on t h e  d e f l e c t e d  f l a p  a r e a  t o  produce a t h r u s t  component which 
reduced drag. 
2. Resul ts  from f low-visua l iza t ion  s tudies  ind ica ted  tha t  the  tabbed-vor tex-  
f l a p  arrangement was more e f f e c t i v e  i n  t r a p p i n g  a vor tex  a long  the  wing leading edge 
than  the  p la in  vor tex  f lap .  A t  high angles of attack, the tabbed-vortex-flap config- 
urat ion did not  exhibi t  an asymmetric vortex-breakdown p a t t e r n  due t o  s i d e s l i p  as 
noted for  the plain-vortex-f lap and basic-wing configurations. 
3. Results from s t a t i c - fo rce  tests indicated  that   the   tabbed-vortex-f lap 
configurat ion was  more e f fec t ive  than  the  p la in-vor tex- f lap  conf igura t ion  in  improv- 
i n g  t h e  l i f t - d r a g  r a t i o  a t  moderate l i f t  c o e f f i c i e n t s ;  however, p i t c h  i n s t a b i l i t y  was 
increased. 
4. A t  high angles of a t tack,  the tabbed vortex f lap provided a s t a b l e  r o l l i n g -  
moment var ia t ion with s idesl ip  angle  whereas the plain-vortex-f  lap configurat ion 
showed an u n s t a b l e  v a r i a t i o n  i n  r o l l i n g  moment with s idesl ip  angle .  
5. The tabbed-vortex-flap  configuration  significantly  increased dynamic direc-  
t i o n a l  s t a b i l i t y  which e l imina ted  the  d i r ec t iona l  d ive rgence  in s t ab i l i t y  of t he  bas i c  
wing. However, use of t ra i l ing-edge   f laps   for   p i tch- t r im  requi rements   could  
se r ious ly  deg rade  the  l a t e ra l  s t ab i l i t y  cha rac t e r i s t i c s  and e l imina te  the  benef ic ia l  
e f f e c t  of the tabbed vortex f lap on dynamic d i r e c t i o n a l  s t a b i l i t y .  
Langley Research Center 
National Aeronautics and Space Administration 
Hampton, VA 23665 
September 4,  1981 
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(b) Plain vortex f laps  and trail ing-edge flaps.  
Figure 2.-  Continued. 
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( c )  Tabbed vortex flaps. 
Figure 2. - Concluded. 
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( a )  Top view with plain vortex flap and t ra i l ing-edge f lap.  
Figure 3 . -  Photograph of model i n s t a l l e d  i n  wind tunnel. 
(b )  Three-quarter front view  of plain vortex flap.  
Figure 3 . -  Continued. 
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(c) Three-quarter front  view of tabbed  vortex flap. 
Figure 3. - Concluded. 
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Figure 4.- Helium-bubble flow visualization. a = 15O. 
(a) a = 15O. (b) a = 2 0 ° .  
Figure 5.- Helium-bubble  flow  visualization. Effect of angle of attack on basic 
wing. p = Oo. 
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- Vortex _I 
breakdown , 1. 
(c) a = 250. 
, , I' 
( d l  a = 30°. L-81-213 
Figure 5 .- Continued. 
L-81-214 
( e )  a = 35O. 
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(a) 01 = 2 0 ° .  (b) a = 25O. L-81-215 
Figure 6 .- Helium-bubble  flow  visualization.  Effect of angle of attack  on  plain- 
vortex-f  lap  configuration. le 
= 1 5 O ;  = O o .  
(c) a = 30°. ( d )  a = 35O. L-81-216 
Figure 6. - Concluded. 
L-81-217 
(a) a = 1 5 O .  
Figure 7.- Helium-bubble  flaw  visualization.  Effect of angle of attack on  tabbed- 
vortex-f  lap  configuration. fl = 0 O .  
25 
L-81-218 
(b) 01 = 2 0 ° .  
Figure 7.- Continued. 
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(c) a = 25O. 
Figure 7 . -  Continued. 
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(d) Q = 30°. 
Figure 7.- Continued. 
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Figure 8 .- Helium-bubble flaw 
(a) Basic wing. 
visualization.  Effect of sidelsip at a = 35O. 
L-8 1-222 
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(b) Plain vortex flap. 
Figure 8.-  Continued. 
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(c) Tabbed vortex flap.  
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Figure 10.-  Ef fec t  of leading-edge-flap  deflection.  Basic wing with plain 
vortex f laps .  
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( b )  L/D charac te r i s t ics .  
Figure 10.- Continued. 
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(c) Axial-force  characteristics. 
Figure 10. - Concluded. 
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(a) Longitudinal characterist ics.  
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(b) L/D cha rac t e r i s t i c s .  
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Figure 12.- E f fec t  of t ra i l ing-edge- f lap  def lec t ion  on p la in-  
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= 30°. 
Figure 12.  - Continued. 
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Figure 12 .- Concluded. 
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Figure 13. - Continued. 
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(c) %,te = 200. 
Figure 13. - Continued. 
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Figure 14.- Effec t  of tabbed vortex f lap on longi tudina l  
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(b) L/D c h a r a c t e r i s t i c s .  
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(a) Uncorrected  for  projected area. 
Figure 16.- Comparison of L/D characteristics of vortex flaps. 
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(b) Corrected for projected area. 
Figure 16.- Concluded. 
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Figure 18.- Effect of leading-edge-flap deflection on the lateral-directional 
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Figure 19. - Effect of leading-edge buildup in segments. 6f ,  l e  = 15O. 
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Figure 20 .- Effect of trailing-edge-f  lap  deflection. 
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Figue 21.- Effect of tabbed-vortex-flap configuration on la teral-  
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Figure 22.- Effect of configurations on lateral-directional 
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